Misfit strain is inevitable in various heterostructures like the graphene/MoS 2 van der Waals heterostructure. Although the misfit strain effect on electronic and other physical properties have been well studied, it is still unclear how will the misfit strain affect the performance of the nanomechanical resonator based on the graphene/MoS 2 heterostructure. By performing molecular dynamics simulations, we disclose a misfit strain-induced decoupling phenomenon between the graphene layer and the MoS 2 layer during the resonant oscillation of the heterostructure. A direct relationship between the misfit strain and the decoupling mechanism is successfully established through the retraction force analysis. We further suggest to use the graphene/MoS 2 /graphene sandwich heterostructure for the nanomechanical resonator application, which is able to prevent the misfit strain-related decoupling phenomenon. These results provide valuable information for the future application of the graphene/MoS 2 heterostructure in the nanomechanical resonator field. PACS numbers: 78.20.Bh, 
I. INTRODUCTION
Van der Waals heterostructures have attracted intense research interest in recent years, owing to their multiple functional properties inherited from different constitute layers.
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It was found that various van heterostructure, and the Q-factor was measured to be 122.
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As a characteristic feature for the van der Waals heterostructure, there is an inevitable misfit strain between the constituting atomic layers, due to different lattice constants for these different atomic layers. [20] [21] [22] Lots of works have illustrated the importance of the misfit strain on the physical properties for the van der Waals heterostructure. [23] [24] [25] [26] However, the effect of the misfit strain on the nanomechanical resonator based on the van der Waals heterostructure is still unclear, which will be discussed in the present work.
In this letter, we study the namomechanical resonator based on the GM heterostructure.
We find that the misfit strain is 3.1% for the armchair GM heterostructure with length 86.8Å, due to different lattice constants for the graphene layer and the MoS 2 layer. As a direct result of the misfit strain, there is a decoupling phenomenon between the graphene and MoS 2 layers during the resonant oscillation of the GM heterostructure, which serves as a strong energy dissipation for the resonant oscillation. Based on the retraction force analysis, we explore the relationship between the misfit strain and the decoupling phenomenon for the GM heterostructure resonator. 
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The MD simulations are performed using the publicly available simulation code LAMMPS, 32,33 while the OVITO package was used for visualization 34 . The standard Newton equations of motion are integrated by using the velocity Verlet algorithm with a time step of 1 fs. There are three typical steps in the simulation of the resonant oscillation of the GM heterostructure. First, the system is thermalized to a constant temperature within the NVT (i.e. the particles number N, the volume V and the temperature T of the system are constant) ensemble. The constant temperature is maintained by the Nosé-Hoover thermostat. 35, 36 Second, the resonant oscillation of the atomic layered material is actuated by adding a sinuous velocity distribution v z = v 0 sin(π * x/L x ) as shown in Fig. 1 , where v 0 is the actuation velocity. Third, the system is allowed to oscillate within the NVE (i.e., the particles number N, the volume V, and the energy E of the system are constant) en- A quantitative relation between the decoupling phenomenon and the actuation velocity is summarized in Fig. 3 . The decoupling phenomenon is represented by the variation in the interlayer space between the two atomic layers in the central region. A sudden increase in the interlayer space reflects the presence of the decoupling phenomenon. We find that there is no decoupling phenomenon in the bilayer graphene and bilayer MoS 2 system for any large actuation velocity v 0 . Note that the bilayer MoS 2 structure will be fractured during the resonant oscillation actuated by large v 0 above 5.0Å/ps. For armchair GM heterostructure, there is a critical value for the actuation velocity, above which the decoupling phenomenon takes place and the energy dissipation is very large accordingly. The critical actuation velocity is about 4.0Å/ps for the armchair GM heterostructure resonator. Zigzag GM heterostructure have similar situation as the armchair GM heterostructure.
To explore the underlying mechanism for the decoupling phenomenon and thus the strong energy dissipation, we notice that there is inevitable misfit strain between the graphene and the MoS 2 layers in the GM heterostructure, due to the difference in the lattice constants for these two atomic layers. The misfit strain 23 is obtained by
where l top and l bot are the original length of the top and the bottom atomic layers. For bilayer graphene and bilayer MoS 2 , the misfit strain is zero. The misfit strain is s = 3.1%
for the armchair GM heterostructure of length 86.8Å. As a result of this misfit strain, the top graphene layer is stretched by 0.7%, while the bottom MoS 2 layer is compressed by −2.2% in the relaxed configuration of the armchair GM heterostructure.
It is important that the misfit strain always has opposite sign for the graphene layer and MoS 2 layer in the armchair GM heterostructure, which results in opposite retraction force on the graphene layer and the MoS 2 layer during the oscillation process as shown in Fig. 4 , where atomic layers just oscillate slightly away from their initial horizontal position. tensile misfit strain) is increased when the graphene layer is moving away from the horizontal position. However, the retraction force on the bottom MoS 2 layer is along the +ê z direction, since the potential energy of the MoS 2 layer (compressed by the compressive misfit strain)
is lowered when it moves slightly away from the horizontal position. The overall effect of the retraction force is to compress the armchair GM heterostructure along the z-direction (out-of-plane direction) when the structure is above the horizontal direction as shown in Fig. 4 (b) , so the decoupling phenomenon shall not occur in this region.
With similar analysis, we obtain the retraction forces on the graphene layer and the MoS 2 layer when the structure is in the lower region as shown in Fig. 4 (c) . We find that the 7 overall effect of the retraction force is to decouple the graphene layer and the MoS 2 layer.
As a result, the decoupling phenomenon takes place at some point when the armchair GM heterostructure is in the lower region during the oscillation process. This is verified by our MD simulations, as all decoupling phenomena occur when the armchair GM heterostructures are in the lower region.
The effect of the misfit strain can be further enhanced by the difference in the resonant frequency of the graphene layer and the MoS 2 layer. More specifically, the resonant frequency for the graphene is 57.98 GHz, which is larger than the value of 41.20 GHz for the MoS 2 with similar length around 86.8Å. As a result, the misfit strain-induced compressive effect will be enhanced by the frequency difference in Fig. 4 (b) . Similarly, the misfit strain-induced decoupling effect will also be enhanced by the frequency difference in Fig. 4 (c).
To further verify the relation between the misfit strain and the decoupling phenomenon, we investigate the armchair GM heterostructure with artificially engineered misfit strain as shown in Fig. 5 (a) . The original natural misfit strain is s = 3.1%. We cut one unit cell away from the top graphene layer, which is then slightly stretched. The misfit strain is thus artificially increased from s = 3.1% to s = 8.5%. This GM heterostructure is relaxed, and the resultant strain is s = 2.3% for the top graphene layer and s = −6.1% for the bottom MoS 2 layer. Fig. 5 (b) shows that the decoupling phenomenon occurs even though the actuation velocity is a small value of v 0 = 3.0Å/ps. Note that there is no decoupling phenomenon for the armchair GM heterostructure (with natural misfit strain s = 3.1%) actuated with v 0 = 3.0Å/ps as shown in Fig. 2 (e) . This result further indicates that the decoupling phenomenon is in close relation to the misfit strain.
In the above, we have established that the misfit strain in the GM heterostructure can cause the decoupling phenomenon of the MoS 2 and graphene layers. We find that such misfit strain-induced issue can be greatly improved by sandwiching the MoS 2 with another graphene layer, i.e., constructing the graphene/MoS 2 /graphene (GMG) trilayer heterostructure. Fig. 3 shows that the critical value for the actuation velocity v 0 can be increased considerably in the GMG heterostructure. More specifically, the critical value for v 0 in the GMG heterostructure with natural misfit strain 3.1% is about 7.0Å/ps, which is much larger than the value of 4.0Å/ps in the GM heterostructure. A larger critical value for v 0 indicates that the decoupling phenomenon is more difficult to occur in the GMG heterostructure. Similarly, the critical value for the actuation velocity in the GM heterostructure with artificial 8 misfit strain 8.5% is about 4.5Å/ps, which is much larger than the value of 2.5Å/ps in the GMG heterostructure.
IV. CONCLUSION
To summarize, we have performed MD simulations to investigate the resonant oscillation of the GM heterostructure nanomechanical resonators. We find that the inevitable misfit strain in the GM van der Waals heterostructure leads to the decoupling between the graphene and the MoS 2 layer, resulting in the strong energy dissipation for the GM heterostructure resonator. Based on the analysis for the retraction force, we show that the decoupling phenomenon always takes place when the heterostructure is moving toward the MoS 2 side, which is verified by our MD simulations. The dependence of the decoupling phenomenon on the misfit strain can be further confirmed by manually increasing the misfit strain in the GM heterostructure. We also suggest to prevent this misfit strain-induced decoupling phenomenon by sandwiching the MoS 2 layer by two graphene layers, instead of utilizing the GM heterostructure.
